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Abstract. We report evidence that carbon impregnated condustlicone tubing used in
aerosol sampling systems can introduce two typepérimental artifacts: 1) silicon
tubing dynamically absorbs carbon dioxide gas, iregugreater than 5 minutes to reach
equilibrium and 2) silicone tubing emits organiaitaminants containing siloxane that
adsorb onto particles traveling through it and addanstream quartz fiber filters. The
consequence can be substantial for engine exhassgturements as both artifacts directly
impact calculations of particulate mass-based eamsadices. The emission of

contaminants from the silicone tubing can resutiverestimation of organic particle
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mass concentrations based on real-time aerosol spasgrometry and the off-line

thermal analysis of quartz filters. The adsorptésiloxane contaminants can affect the
surface properties of aerosol particles; we obseavmarked reduction in the water-
affinity of soot particles passed through condwesilicone tubing. These combined
observations suggest that the silicone tubingeatisf may have wide consequence for the
aerosol community and should, therefore, be usédaaution. Contamination
associated with the use of silicone tubing was eskat ambient temperature and, in
some cases, was enhanced by mild heating (<70r°@eeexposure to a solvent
(methanol). Further evaluation is warranted tongifjasystematically how the
contamination responds to variations in system &atpre, physicochemical particle

properties, exposure to solvent, sample contad,tiobing age, and sample flow rates.

1. Introduction. Typical aerosol characterization experiments requibing to convey
particle-laden gas streams from the source to dhnticfe characterization instruments.
Aircraft gas turbine engine exhaust gas — whichtrhasooled and diluted prior to
reaching the instruments — is a specific partiolerse which nearly always requires use
of sample extraction and sample tubing (Lobo e28l07). Even most studies of
ambient particles require a short length (< 3mfubing to convey and distribute sample
to particle instruments. To avoid experimentaEb&ample tubing must meet the
following two requirements: 1) high particle transsion efficiency (as close to 100% as
possible) for particles of all important sizesz2jo particle contamination (including

condensation and/or nucleation).
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Several monographs describe the guidelines formamg particle losses in
sample probes and sample lines (Brockman, 1993J4it999). Kumar et al. (2008)
recently reported results and comparison with théara line-loss study directed at
guantifying the particle loss effects encounteredtreet canyon experiments. The most
prevalent mechanisms for particle loss includeudiffnal loss, inertial loss, and
electrostatic loss. For particles relevant to ragixhaust studies (3-300 nm diameter),
diffusional and inertial losses are minimized byimeining turbulent flow, employing
sample tubes with large volume/surface area ratantaining short residence times, and
avoiding sharp bends. Electrostatic losses ardareted by use of conductive tubing
which prevents localized build-up of charge onttiiee walls. Metals (copper,
aluminum, stainless steel) are the preferred naseior particle sampling tubing. In
some applications, flexible tubing may be desire$pecially in cases where rapid setup
is required, for translating sample probe systemd,the sampling system requires
connections be made in tight spaces.

Recent use of carbon impregnated conductive s#id¢ahing as a flexible
alternative to metal tubing has become preval&etveral vendors supply silicone tubing
and we have found no substantive variation in gréopmance of their products.
Compared to metal tubing, conductive silicone tglsan be assembled rapidly and made
to conform to unusual space requirements. Baseqahditle transmission alone,
conductive silicone tubing is an acceptable sultstito metal. Figure 1 shows that
particle transmission through conductive silicomeing is nearly equal to that for
stainless steel tubes, all other variables heldyeanstant (50 m of tubing flowing

particle laden gas at 50 SLPM, 297.4 K, 1 bar, tm5.d. for silicone tubing, 1.17 cm
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Figure 1. Fractional penetration (transmission) of sizedeld soot particles through test
sections of stainless steel, conductive silicond,@olyvinyl chloride tubing. Fractional
penetration is nearly identical for stainless staetl conductive silicone tubing.
Electrostatic losses in the non-conducting polyvohjoride tubing greatly reduce
particle transmission. The penetration calculédeadonductive tubing is shown for
reference. Calculated penetration includes lodsedo diffusion and inertia (settling),
but not electrostatic losses. Conditions: 50 SURM rate, 1.27 cm i.d. tubing, 50m
tubing length, 25°C, 1 bar pressure.
i.d. for stainless steel tubing). For the condigsilicone and stainless steel tubing,
penetration is greater than 90% for particles betwabout 50 and 200 nm and drops
rapidly for particles smaller than 50 nm. The pectztl penetration agrees exceptionally
well with that observed for all particle sizes colesed, provided that the tubing is
conductive. The much lower particle penetratioovahin Figure 1 for polyvinyl

chloride (PVC) tubing is likely due to electrostatbsses. Typical application of

conductive silicone tubing for particle countingasarements (e.g. condensation particle
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counters (CPC), scanning mobility particle siz&®8IPS), and kindred instruments) may

be justified.

2. Sampling Artifacts. Despite being appropriate for certain applicatjons

recommend that silicone tubing be used judiciou$Me have identified two sampling
artifacts that conductive silicone tubing introdsicél) biases in sampled carbon dioxide
concentrations, and 2) emission of siloxane com@suhat contaminate air and particles
transported through the tubing. We share laboyatod field data which provide
evidence of both types of artifacts. The carbioxide artifact can cause miscalculation
of sample dilution and pollutant emission indiceggs pollutant emitted per mass of fuel
consumed) for engine exhaust studies. The siloasdifact alters particle composition,
inflates particle mass (especially mass of sematilel particles), changes particle surface
properties, and introduces positive mass biasediltar-based sampling methods for
particulate carbon. Table 1 summarizes our finslizugd respective conditions. When
combined with the findings of other reports (Yup2@nd Schneider et al., 2006), a
sufficient body of experimental evidence existsvasrant caution when using silicone
tubing for aerosol sampling and characterizatigmeeixnents, especially since standard
testing procedures may not reveal the contamination

Artifact 1. Carbon Dioxide Uptake. For engine exhaust measurements, above ambient
levels of CQ are taken as tracers for fuel combustion. UptdkeO, into silicone

tubing will introduce errors in the calculationtbe dilution ratio used to quantify the
mass of pollutant release per unit fuel burned ¢sian indices). To quantify the uptake

effect, the concentration of G@vas measured before and after passing through test
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Table. Summary of Silicone Tubing Observations

Sample

Particle L id. . s
source T(fgpa m  (cm) tres (SEC) Observation Description in text
~B0, i
filtered air 243 152 175 5% CQ uptake into Fig. 2
tubing
gaseous organic
fitered air  22and45 075 1.1 0.5  carbon sorbed onto Fig. 7
downstream quartz
filters
PDMS particle Mesci(zzat:ﬁgrﬁé of
filtered air 20-25 0.3 0.64 0.2 entrainment .
i Siloxane Uptake by
<50 ng it .
Particles
ambient Section 4.
N <0.1 wt% uptake of Mechanisms of
sulfate 20-25 1 064 0.02 PDMS Siloxane Uptake by
particles )
Particles
as turbine Section 4.
9 . <2 wt% uptake of Mechanisms of
engine <70 ~1  0.64 0.02 . .
S 2 : PDMS onto particles  Siloxane Uptake by
lubrication oil .
Particles
as turbine Section 4.
9 . 1-2 wt% uptake of Mechanisms of
engine 20-25 0.3 0.64 0.2 . .
e . PDMS onto particles  Siloxane Uptake by
lubrication oil )
Particles
i i - 0,
organic PM n - 5505 03 0.64 0.2 1-3 wt% u_ptake onto Fig. 4
laboratory ait particles
conclusive
atomized identification of
squalané 2025 1 0.64 15  PDMSusing VUV Fig. 5
. ionization and high
particles .
resolution mass
spectrometry
identification of Fig. 3
gas turbine N PDMS contaminant Consequence 1:
engine soot <70 1 0.64 0.02 30 wt% uptake of Addition of Particle
PDMS onto particles Mass
diffusion 2025 03 064 0.2 10 wt% onto particles Fig. 4
flame soot
diffusion PDMS detected on .
flame soot 22and 51 0.75 11 0.5 particles using FTIR Fig. 6
diffusion 22 and 45 0.75 11 05 reduced soot’s water Fig. 8
flame soot affinity

& air temperature inside tubing at its heated ifilet, maximum temperature)
b estimated based on exhaust gas temperature ¢f@a0d 20:1 dilution with 30 °C

nitrogen

c air found in the Aerodyne Research, Inc. labayaspace contained organic particles,
which under un-controlled conditions, picked up P®Rom the conductive silicone

tubing

4 tubing expose to methanol prior to observatioRBMS contamination of particles
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sections of flexible conductive silicone (1.75 coh k 15.2 m) and rigid 306 stainless
steel tubing (1.17 cm i.d. x 15.2 m). The samefgyths used here are typical for engine
exhaust experiments which require a substantiatisfé distance between the engine and
the test equipment, as is the case for testing®tgrbine engine exhaust. Flow rates of
5 and 50 SLPM were used giving residence times 0fartl 4 seconds. Three €0
concentrations characteristic of engine exhause wested (5.00%, 1.69% and 0.80%).

In a typical experiment, the test section of tubiwags conditioned by flowing C&iree
nitrogen gas over it for roughly 10 min. Then, {4&s introduced into the stream at the
desired mixing ratio and fed directly to the £d@tector, bypassing the test section. The
CO, gas was then re-directed to the test sectionbohguand the C@concentration
monitored. Figure 2 shows representative, @&ta collected after passing through the
stainless steel and silicone test sections. Data@malized using the GO

concentration measured in bypass mode. Comparsditdess steel, the GO
concentration was reduced by ~5% (from 50,000 pp#At500 ppm) after passing
through the silicone tubing. Similar decreaseS@ concentrations were observed at
the lower CQ concentrations tested. The £€dncentrations appeared to recover with
time; however, they did not fully recover after throf stable operation. For many
experiments (e.g., transient exhaust plume samplinghen engine test time is limited),
the transient uptake of G@nay introduce systematic errors on the order ofirb@0O;
concentration and emission index calculationsrequire careful planning of test
conditions and substantial (> 5 min) equilibrationes. Tubing lengths shorter than 15.2

m had smaller fractional GQuptake, and the system returned to 100% C&nsmission
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Figure 2. CO, concentrations in air dilution gas (initially 50@ppm CQ) directly from
the flow manifold and after transport through 1B 2f stainless steel or 15.2 m of
conductive silicone tubing. The G©@oncentration is about 5% lower after transport
through silicone tubing as compared to its coneiatin direct from the manifold or after
transport through stainless steel tubing. The Gicentration after transmission

through silicone tubing appears to slowly recobeit,the dynamic response time is
greater than 5 min.

more rapidly than shown in Figure 2, indicatingtttiee CQ absorption effect might be

minimized using short lengths of silicone tubing.

Artifact 2: Emission of Siloxanes. We have seen evidence of contamination emitted
from the silicone tubing used for several differsegearch applications and have
identified siloxanes as the key constituent ofdbetamination using independent
analytical techniques.

We previously observed siloxane compounds duringrs¢ campaigns to
characterize aircraft engine exhaust particles (&RELobo et al., 2007, Onasch et al.,
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2008; JETS-APEX2/APEX3, Timko et al., 2009). Widpeated observation, we grew
suspicious that the source of the siloxanes mayeaircraft related. We have now
accumulated data from three separate sourcesdhftra that silicone tubing is the
source of the siloxane contamination: 1) 70 eVtedecimpact (El) ionization aerosol
mass spectrometry of gas turbine engine soot pestand laboratory jet fuel diffusion
flame soot, 2) VUV-ionization high-resolution aesbmass spectrometry of organic
particles, and 3) Fourier transform infrared (FTHRgctroscopy of diffusion flame soot
particles collected on quartz filters.

Although we had detected trace siloxane duringipuesvaviation experiments,
these events provided too little signal (<5% oftibtal organic PM) to perform a
rigorous chemical analysis. A more recent engase ([Timko et al., 2009) provided
sufficient data to make a positive identificatidfigure 3a shows a characteristic mass
spectrum (m/z 40-300) of the engine exhaust padiobtained by an aerosol mass
spectrometer (Jayne et al., 2000; Canagaratna @08I7). During that test, the majority
(20 m) of tubing was stainless steel or coppeth wito important exceptions: 1) several
short sections (1m total length) of silicone tubimgre used in a valve box designed to
distribute gases to various experimental groups2a@o short pieces (1m total length)
of 0.51 cm i.d. conductive siloxane tubing weredusemake several tight connections 2
m before the sample gas reached the particle deaiztion instruments. Due to its
proximity to the engine, the tubing in the valvexbbay have been exposed to elevated
temperatures (T < 70 °C) during the test. Thounghetxact temperature at that location
was never measured, we estimated an upper limé.a¥8umed that the maximum

exhaust gas temperature was 900 °C, consistenthaithfrom a recent field
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(a) Engine Test Field Data

m/z 73
m/z 207

) miz 147 miz 221 miz 281
—~ _ . I PR [ .
= — —
©
~ (b) Laboratory PDMS sample
2 - (MW = 770 g/mol) =
L m/z 73
2
= - |

m/z 207

m/z 147

| miz 221 m/z281|
Y
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m/z

Figure 3. Characteristic El ionization mass spectra obtafoed) engine exhaust

particles and b) aerosolized polydimethylsiloxaRBIS). The m/z features distinctive

of PDMS, (m/z =73, 147, 207, 221, 281) are reagdgarent as a contaminant in the
engine exhaust particles.

measurements (Wey et al., 2006). Prior to the t&mnepching the silicone tubing, the

raw exhaust gas was diluted by a factor of at [2@sitsing dry nitrogen at 30 °C.
Assuming similar heat capacities for nitrogen areléxhaust gas (which is an accurate
simplication), the estimated gas temperature ctintathe silicone tubing was 70 °C.
Since we took an upper limit on the initial exhagess temperature and since heat transfer
with the surroundings would further reduce thelfieanperature, we assign 70 °C as the

upper limit for the gas when it contacted the sitie tubing during the gas turbine

exhaust experiments.
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The spectrum in Figure 3a was measured for pastgdenpled 1 m from the exit
nozzle of a commercial gas turbine engine operattr@hb% of its full rated thrust.
Electron impact (El), a technique associated wghificant molecular fragmentation,
was the ionization method for the spectra in Figjrend the resolution was unit mass
(m/Am = 800 at m/z 184). In addition to features consistath fragmentation of a
hydrocarbon backbone (m/z = 41, 43, 55, 57, edcsgries of lines with m/z = 73, 147,
207, 221, and 281 is clearly evident in the masstspm. The distinctive m/z pattern
allows identification of an organosilicon compoundhe patrticles.

Dong et al. (1998) recorded the time-of-flight sedary ion mass spectra (ToF-
SIMS) of several organosilicon polymers using da®matography tandem mass
spectrometry. Dong et al. (1998) report that iR 73] fragment is a common feature
of siloxanes. Of the silicon-bearing polymerseaddby Dong et al. (1998),
polydimethylsiloxane (PDMS) provided the best mdtckhe field spectrum shown in
Figure 3a. Schneider et al. (2006) observed tlzeld7, 221, 295 series during aerosol
mass spectrometer characterization of soot pastiblet had passed through a short
(unspecified) length of conductive silicone tubaryd assigned the spectra features to
[(SIOCHe)n(SIOGHSs)]" (withn= 1, 2, and 3). Yu et al. (2009) found a siloxane
contaminant on NaN{particles that had contacted conductive silicaénty. Yu et al
(2009) used high resolution electron impact ionarato assign the m/z 147, 221, 295,
369 series to [(SiOfFs) Si(CHs)3] " (Withn=1, 2, 3, 4) and the m/z 207, 281, 355, 429
series to [(SIOgHe)n(SIOCH)]* (withn =2, 3, 4, 5).

We confirmed the PDMS assignment by performingoatatory test. Figure 3b

shows the mass spectrum of a PDMS sample obtayeadrbsolizing the polymer
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directly into the same aerosol mass spectromeest dsring the field test. The match
between the primary feature present in Figure 8aFagure 3b is excellent. PDMS
samples with different molecular weights (700, D,58nd 2,500) are qualitatively
similar, the only difference being that the ratfavdz = 73 to the other peaks decreases
with molecular weight.

Data from the engine test experiments identifie;dRDMS contaminant, but
could not verify the source of PDMS as the polymearsed in many common
applications and the contaminant has been obsana@vious aerosol characterization
experiments. Hayden et al. (2008) reported a ailexcontaminant resulting from a
silicone sealant used in a counter-flow virtual aofor. Since we did not use silicone
sealant in any particle accessible regions of &mepding line, we dismissed sealant as a
potential contamination source. Other contamisantces include the fuel tank and fuel
line seals, fuel additive, exhaust gas probessantple transfer lines may have plausibly
introduced PDMS into the particles. We dismissedftiel-related options as we deemed
it unlikely that PDMS would survive the combustigmocess. Several different exhaust
gas extraction probes were used throughout theriexpet and they yielded similar
PDMS signatures and quantities, leaving the comsaonple transfer lines — and the
silicone tubing used in them - as the most likelyrse of the PDMS contaminant.

We performed three tests to identify unequivoctily silicone tubing as the
source of the PDMS contaminant and to demonstnatetite artifact is not limited to
engine exhaust studies.

In one experiment, the size-resolved compositiopaoficles emitted from a

diffusion flame of kerosene fuel was characteriasithg on-line aerosol mass
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Figure 4. Particle size distribution of organic material gulydimethylsiloxane (PDMS)
coated on soot particles generated by combustiéerokene in a diffusion flame: a)
total mass loading of organic particles obtainadgisither silicone (shown) or stainless
steel tubing, b) ratio of PDMS to total organicahed for using either silicone or
stainless steel tubing. Data were collected fan@ur by an aerosol mass spectrometer.
When the silicone tubing is used, the mass loadifgDMS is about 10% of the total
organic material in the 30-100 size range and rgu@¥ in the 400-800 nm range. The
size distribution of PDMS and organic material cades well-mixed particle population
for both soot sized particles (30-100 nm) and aadation mode particles (400-800 nm).

spectrometry. The combustion-generated partickre wassed through either a 30.5 cm
test section of as-received conductive siliconenmif0.953 cm o.d., 0.635 cm i.d.) or
stainless steel tubing (0.635 cm 0.d., 0.476 cnh iEigure 4a shows the particle size

distribution attributed to organic PM in the sodtil® Figure 4b shows the ratio of

PDMS to organic as a function of particle size bSantial PDMS pick up is evident on
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the 30-100 nm vacuum aerodynamic diameter soacfesiroughly 10% by mass), and
the PDMS is present as an internally mixed aermg@ther with soot particles (Timko et
al., 2008; Onasch et al., 2008). The siliconerglulata in Figure 4b show that organic
aerosol particles present in the air in our lalmwyaand used to dilute the primary exhaust
sample (i.e., the size mode greater than abouhBf(picked up about 1-3 wt % of the
PDMS contaminant. Figure 4b shows that PDMS pjekvas negligible when stainless
steel tubing replaced the silicone tubing, confirgiihe silicone tubing as the source of
the contaminant.

In a second experiment, designed to study hetasmges chemistry (Smith et al.,
2009), we obtained independent evidence suppootindg®DMS assignment using a high
resolution (mAm ~ 3,000 at m/z 184) mass spectrometer coupledangthft-ionization
technique (10.5 eV VUV radiation). In this expeeim, organic aerosol particles
(squalane: ggHg2) were generated in a nucleation oven and latepkhinto the aerosol
mass spectrometer through a short (1 m) sectisiliobne tubing. During post-
processing, evidence of PDMS compounds was obséamtbé mass spectra; the
contamination was strongest after the siliconenglwas inadvertently exposed to
methanol. The high resolution, soft-ionizationtinment permitted us to obtain mass
defect spectrometry data for high m/z (m/z > 50DMS ions. Figure 5 presents

characteristic high resolution mass spectra datthéolarge PDMS fragment ions. The
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Figure 5. High resolution fm/m ~ 3,000) mass spectrum for the PDMS contaminant

obtained after soft-ionization using VUV radiatioAdjacent peaks are separated by
74.02 + 0.03 mass units, which corresponds to SHQIm/z 74.02). The inset
compares the experimental spectrum to the predistédpic fragmentation pattern for
(SiO(CHg),)sSIOCH;".

distinct m/z series containing 503, 577, 651, 728, 873, and 947 is clearly evident in
the data. In slight contrast to the El ionizattiata presented in Figure 3, the difference
between consecutive peaks resulting from soft ation is always 74 mass units. In fact,
for the high resolution spectra the exact diffeeeirsc74.02 + 0.03 mass units, matching
the weight of the SiIO(CHk" fragment ion within instrumental mass calibration
precision. The soft ionization series follows thstinct m/z pattern of 59 + 74(n),
indicating the molecular ion carrier is either lo¢ tseries SiIO(CE(SiO(CHs),)," or
SiH(CHs)2(SiO(CHs),),". Based partially on the (SiO(GH)," molecular ion carrier

observed with El ionization, we suspect that tHeisaization carrier is of the
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SiO(CHs)(SIO(CH),)," series. As further support of the SiO&}h/z 59 assignment,
the strongest cluster of peaks occurs at m/z 698) iihich more closely matches the
mass of (SiO(Ch)2)sSIOCH;" m/z 651.14(5) than (SiO(Gh3)sSiH(CHg)," m/z
651.18(2). The inset to Figure 5 shows a closefupe m/z 651 mass spectra region
side-by-side with the calculated isotopic pattemn(B8iO(CH),)sSIOCH:". The isotopic
match is excellent, confirming our assignment ef 0(CH), monomer to the
observed spectrum.

In a third experiment, FTIR spectroscopy providethplementary identification
of siloxane condensed on soot particles collectefiliers. The soot was produced in a
diffusion flame of methane and air (Kirchstetted &fovakov, 2007) and was collected
with three PTFE membrane filters (Pall Life Scies)c&0um pore size) in stainless steel
holders immediately downstream of two sectionsoofduictive silicone tubing (for 1.27
cm hose barb) and one section of 1.27 cm staisteg$ tubing, each 75 cm long.
Heating tape was applied to the upstream end obbtiee pieces of silicone tubing. The
air temperature four centimeters into the upstreads of the heated and unheated
silicone tubing lines (the point of maximum temgera) was 51 and 24 °C, respectively.
The sampling airflow rate through each line andatlan were 12 SLPM and 80 min,
respectively.

The soot was removed from the filter and pelletiaéith KBr. FTIR spectra
recorded in the transmission mode (Magna Nicol@) &8e shown in Figure 6. Peaks
corresponding to siloxane functional groups wergeoked in the soot collected through

the silicone tubing, but were not evident in thetsmllected through the stainless steel
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329 Wavenumber (cm™)

330

331 Figure6. FTIR spectra of soot passed through equal lendthamless steel and

332 silicone conductive tubing at room temperature @atéd), and heated silicone

333 conductive tubing. Peaks in the spectra of thé¢ soitected via silicone tubing

334 correspond to siloxane functional groups and ateewiolent in the spectra of soot

335 collected via stainless steel tubing. The distdreteveen each tick mark on the vertical
336 axis is 0.01 absorbance units.

337

338 tubing. We assigned the following bands to silexamctional groups: C¥bending
339 (1259 cni'), asymmetric Si-O-Si vibration (1020-1111 &mnand Si-(CH), rocking

340 vibrations (805 cil) (Wachholz et al., 1995).

341 3. Consequences of Contamination from Conductive Silicone Tubing. The emission
342 of organic contaminants from silicone tubing caméhandesirable consequences. We
343 have identified three circumstances when usingtyipis of tubing can lead to erroneous
344  conclusions about the mass concentrations andgaiysthavior of aerosol particles.

345 Our analysis has not been exhaustive (i.e., outteesannot be used quantitatively to
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assess the potential contamination in experimem@imstances not described here);
however, our results do illustrate significantfadtts when sampling carbonaceous
aerosol particles and, to a lesser degree, @@centration measurements through carbon
impregnated silicone tubing. Therefore, we recomungaution be exercised when
silicone tubing is used for particle character@atexperiments.

Consequence 1: Addition of Particle Mass. Having positively identified the siloxane
contaminant in the engine exhaust particles diszlabove, we set out to quantify its
concentration. The SiO(Gl3 monomer unit in PDMS has a distinct mass specfram
other hydrocarbon-like organic material (e.g. @édigtioxidized fuel in aircraft engine
exhaust and lubricating oils), which provides apaunity to quantify the fraction of
particle material which is PDMS. Overlap betwe®&MS and hydrocarbon organic
compounds occurs at m/z 55, 57, etc; these peaistittde less than 5% of the total
PDMS spectrum and were assumed to be entirely mxg&ased on the limited overlap
between PDMS and other interfering species, wenasti our PDMS detection limit to be
50 ng m® in the presence of engine exhaust (for a 10 seplizg period). In the
absence of any interference, our detection linaillgated as three times the
measurement noise, is 3 ngifior a 10 sec sampling period). The characterBBMS
peak at m/z 73 was distributed between PDMS ananicgassuming that the organic
contribution at m/z 73 was the average value of 87/and m/z 59 (corresponding to
addition and subtraction of a -Glgroup, respectively), according to a common mass
spectrometry analysis procedure (Allan et al., 200%e other major characteristic
PDMS peaks at m/z = 147, 207, 221, etc. were asstonee entirely due to PDMS.

With these assumptions, we calculate that PDMStttates about 30% of the entire
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369 particle mass defined as “organic” in the spectpictured in Figure 3a. Similarly,

370 roughly 10% of the organic mass present on therébry soot (Figure 4) was PDMS.
371 Instruments designed to measure total particle moastngs would have overestimated
372 semi-volatile organic PM (that is, particle masdahliexists in the gas phase at

373 temperatures greater than 100 °C) by up to 30%hfse two specific cases, and without
374  corresponding chemical composition informationdiag could not have been corrected
375 during post-processing.

376 Consequence 2:Positive mass biasin filter-based techniques. On-line aerosol mass

377 spectrometry is a powerful technique, but it is@®tommonly practiced as filter

378 collection of particle samples and off-line anatysWe performed simple tests which
379 indicate that silicone tubing may introduce a pesitmass bias for filter-based

380 techniques used to measure concentrations of catkons particulate matter. In these
381 tests, quartz fiber filters (Pallflex 2500 QAT-UWegre used to sample air that had passed
382 through parallel sections of tubing: heated silesaimheated silicone, and unheated

383 stainless steel (the same as used in the expesrttattproduced Figure 6). The

384 sampling flow rate and duration were 10 SLPM fomaih in each case. The air was

385 initially particle free and scrubbed of organic ggsising an activated carbon denuder.
386 The air temperature at four centimeters into th&ngam ends of the heated and unheated
387 silicone tubing lines in this experiment was 45 @ad’'C, respectively.

388 The carbon content of each filter was quantifiedgshe thermal analysis

389 technique of Kirchstetter and Novakov (2007). Tagon evolved from each filter as it
390 was heated is shown in Figure 7a. The filters dérngas of both the heated and

391 unheated silicone tubing collected significant antswf carbon; the former collected
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about 50% more mass than the latter. In contfastilter downstream of the stainless
steel tubing was comparatively free of carbon, prg¥hat carbon on filters downstream
of the silicone tubing was emitted by the silicduling. The features of the carbon
thermograms — both the relative heights and tenyres of the primary peak and
secondary peaks are consistent with those of sanggzthic vapors on quartz filters
(Kirchstetter et al., 2001). Figure 7b shows thegrams of two quartz filters
downstream of the same section of heated silicobiag in similar experiment in which
one quartz filter was preceded by a PTFE membiéee fThe particle removal
efficiency of the PTFE membrane is essentially 10884he presence of carbon on the
backup quartz filter proves that this carbonacenaterial was gaseous rather than
particulate when it was collected, demonstratirad garticles are not required to carry
the vapors emitted from the silicone tubing. Weirthat the vapor is likely the siloxane
compound identified above. Our observations arsistent with the diffusion of low
molecular weight siloxanes from the bulk to thefgce of the silicone tubing wall as
described by Hunt et al (2002) and Olah et al. 20fdllowed by their release into the
vapor phase.

While the collection of particulate matter with quefiber filters and the
subsequent thermal analysis of the filters is aelyidsed method for quantifying
concentrations of carbonaceous particulate mdttertechnique is prone to a major
sampling artifact: the adsorption of organic vagorthe quartz filters. The adsorbed
vapors on the filter, in addition to the collecfeatticulate matter, evolve during thermal

analysis. Particulate carbon concentrations derik@m this analysis will, therefore, be
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424  overestimated if the adsorbed carbon is not digeolnThis artifact is known as the
425 positive sampling artifact for particulate carbon.

426 The experiments described above illustrated tretute of silicone conductive
427  tubing results in the adsorption of organic vapgorgquartz filters. If this carbon is

428 mistaken as particulate, the apparent particulatiean concentrations for the “heated”
429 and “unheated” quartz filter samples collected tigtosilicone tubing shown in Figure 7a
430 are 64 and 39 pgCTrfor the experimental configuration and tubing lérsqused here.
431 (The concentrations of contaminant vapor presetitersampled air stream were most
432 likely larger than these estimates because quédesfgenerally remove only a fraction
433 of the vapor to which they are exposed.) Whiletingahe tubing enhanced the artifact,
434  the positive bias still large (compared to typiahospheric carbon particulate matter
435 concentrations, for example) in the case whenuhmg was not heated.

436 A sampling method recommended to quantify the ntadeiof the positive

437 artifact — and to correct for it — involves samgliwith a backup quartz filter, either

438 placed behind the primary quartz filter or behindTd&E membrane filter (Turpin et al.,
439 1994). This method works well if the backup ar@hfrquartz filters adsorb comparable
440 amounts of organic vapors, in which case the amolcdrbon on the back quartz filter
441 can be subtracted from the amount of carbon offréime quartz filter. As shown for the
442  experiment depicted in Figure 7b, the quartz fittehind the PTFE membrane filter
443 provided a good measure of the artifact. In masdiphed instances, however, this
444  correction is not applied to particulate carbonaaarirations (Novakov et al., 2005).
445 Consequence 3: Alteration of Particle Surface Properties. In addition to the quantitative

446 biases observed for aerosol mass spectrometnyiltardcbllection and analysis, we
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447 observed that the silicone tubing can alter théaserof sampled particles. Specifically
448  during the production of suspensions of soot inew#dr various research applications,
449 we observed that passing of soot through silicamglactive tubing altered its water
450 affinity. Our production of soot suspensions invam\l) collecting soot generated with a
451 diffusion flame of methane and air through staislgteel tubing onto a stretched PTFE
452 membrane filter, 2) exposing the soot-laden filteozone via PTFE tubing, and 3)

453  rinsing the soot from the filter with water andlecting it in a beaker. At that point, a
454  simple swishing of the water formed a stable saspsnsion (Figure 8a). The ozonation
455 step leads to the formation of polar surface grpapsh as carboxylates (Smith and
456 Chughtai, 1997), which apparently transforms th&t f@m a hydrophobic to a

457  hydrophilic state. If the ozonation step was skihpgke soot remained hydrophobic and

458 would not wet, clustering at the water surface.

459

461 Figure8. (a) Soot from a diffusion flame made hydrophilicreaction with ozone.

462 Shown is the soot as it is mixing with water. (lopSfrom a diffusion flame that does not
463 mix with water despite ozone exposure. The so@b)nvas collected through silicone
464 conductive tubing as opposed to the soot in (algchmivas collected through stainless
465 steel tubing.
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466 The influence of the silicone tubing was noted wttenfirst step of our method
467 was altered to include a 75 cm length of silicoaeductive tubing in lieu of stainless
468 steel tubing. In this case, the soot particlesndidevenly disperse in the water. The
469 effect was markedly enhanced when the inlet tastih@ne tubing was heated to 45 °C.
470 For heated silicone tubing, the soot remained Ipfpbic and was completely non-
471 wettable, as shown in Figure 8b.

472
473 We considered the mechanism preventing the saatsformation to a

474  hydrophilic state, though it remains an open qoestiAdsorbed siloxanes may inhibit
475 (i.e., poison) the surface oxidation reaction neagsfor making the soot hydrophilic.
476 FTIR measurements, however, indicated the formatfdrydrophilic (Chughtai et al.,
477  1991) carboxyl groups upon ozonation in samplesot regardless of whether they had
478 passed through the heated silicone or unheatedesdaisteel tubing. Another possibility
479 s that the adsorbed vapor was hydrophobic andereddhe soot hydrophobic despite its
480 surface oxidation. We observed in the experimdaseribed above that the adsorption
481 of the vapor emitted by the silicone tubing ontaugg filters increased their

482 hydrophobicity, supporting this hypothesis. A dadpvater placed on the “heated

483 silicone tubing” filter (referenced in Figure 7@&mained on its surface whereas a water
484 drop placed on the “unheated stainless steel tufiitgy was immediately soaked into
485 the filter, demonstrating the hydrophobic natur¢hef vapor emitted by the silicone

486 tubing. FTIR measurements indicated the continuedgmce of the siloxane during

487 ozonation, and while these data do not give a cetaplescription of the soot surface,
488 they suggest that the persistence of the siloxaragsrender the soot hydrophobic even

489 though some oxidation of the soot may occur.
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4. Mechanisms of Siloxane Uptake by Particles. Experimental observations suggest
that the PDMS entrainment mechanism primarily imeslgas-to-particle transfer of
short-chain PDMS oligomers. Transfer of PDMS padysinto the sample stream via
direct entrainment of loose particles (i.e., p#&tentrainment) is another plausible
mechanism. Freshly received silicone tubing spogdlg generated PDMS particles (1
particle event every 30-60 sec) when filtered aswwassed through it at room
temperature (>50 ngf). However, gas-to-particle uptake was much muyeificant
than the small contribution due to particle entma@mt. As suggested in Figure 4, PDMS
was typically present as an internally mixed adrdsgether with an organic fraction.
PDMS particles shed directly from the tubing watludd likely be present as an
externally mixed aerosol population. Only the gaparticle mechanism would lead to
the internally mixed aerosol populations observgqaeementally.

The quartz filter experiments discussed above gmthe best evidence that gas-
to-particle transfer must occur. In these expenitsiea quartz filter placed downstream
of a PTFE membrane collected organic carbon wiaihepding purified air that had
contacted the silicone tubing. The collection aboa could only have occurred due to
adsorption of gaseous materials — i.e., siloxatitat-had evaporated from the silicone
tubing. In the presence of a particle carrier,dih@xane materials would also condense
on the particles. Therefore, we conclude thattggsarticle conversion must be an
important mechanism whereby siloxane is introduoetthie particles.

Gentle heating (<70 °C), particle carriers, andosxpe to organic solvents
enhance siloxane uptake. Table 1 summarizes @araditions of PDMS uptake

alongside experimental conditions. Transportirggbot particles through room
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temperature silicone tubing reduced the effectigsertd an ozone treatment to make the
soot hydrophilic. Heating the silicone tubing cdetely negated the effectiveness of the
ozonation treatment. PDMS uptake onto squalanécjes did not occur until the
silicone tubing was inadvertently exposed to mebhaPDMS uptake onto soot was
more pronounced at slightly elevated temperatué®(°C, estimated based on energy
balance considerations) than at room temperatues, gnough the exposure time was an
order of magnitude shorter.

In addition to solvent exposure and temperaturgigb& composition and surface
area may also be important. We have tested PDNtkeehavior for a range of
particles: soot particles (generated in a highqunesgas turbine engine and in an
atmospheric pressure diffusion flame burners, 56<ry < 120 nm), lubrication oil
droplets (generated by a gas turbine engine oria&dion, 100 nm < Pa < 400 nm),
organic aerosol (squalane generated from atomaimgthanol solution) and ambient
particles (present in both outdoor and laboratimy and ambient sulfate particles
present at Jupiter, FL (@ > 100 nm). PDMS uptake ranged from below detadimits
(50 ng n® in the presence of organic interference suchams ngine exhaust, 3 ng'm
in filtered air) to 1000 ng M Depending on the exact source and sampling
configuration, uptake onto soot particles accoume@0-30% of the total organic
particle mass (absolute quantit00 to 1000 ng ). Lubrication oil droplets picked
up much less PDMS than soot — on the order of Ib2%eight or absolute quantities of
about 10-50 ng M Insufficient PDMS was present on the lube oitomfirm coincident
size distributions. PDMS content in poorly chagsiged organic particles present in

laboratory air was about 5% by mass (as shownguargEi4). PDMS pickup by ambient
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sulfate particles was below the instrument detadimits as PDMS constituted less than
0.1% of the sulfate particle mass (corresponding dgas concentration of between 3-10
ng m°).

In their studies of diesel combustion exhaust feooamp stove burner, Schneider
et al. (2006) found that particles produced in fueh flames (with a modal aerodynamic
diameter of 60 nm) picked up the PDMS contaminesrhfthe silicone tubing, while
particles produced in oxygen rich flame (with moaatodynamic diameters ranging
from 120-180 nm) did not. Since the fuel rich flesyproduced soot particles whereas the
oxygen rich flames did not, the authors infer tiha PDMS contaminant partitions
preferentially onto soot. Schneider et al. (2046p report PDMS contamination of soot
particles produced by a spark soot generator.

Yu et al. (2009) report siloxane uptake onto Nalg@rticles (83 nm geometric
mean diameter). The quartz filters picked up 4nitpf siloxane when dry air was
passed through a 0.30 m section of silicone tubimdy14.9 ng i for a 3.3 m tubing
length. After passing through 3.3 m of siliconbihg, salt particles deposited
22.9 ng it of siloxane material on the quartz filter (RH 240 The quantity of PDMS
decreased with increasing relative humidity fortbparticle free air and salt particles,
though the authors note that increasing humidity marease PDMS patrtitioning to the

particle phase in some instances.

5. Conclusions and Recommendations. Conductive silicone tubing use is associated
with two sampling artifacts: 1) erroneous £&ncentration measurements due to

dynamic uptake of Coand 2) contamination by polydimethylsiloxane (PDM&pors.
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Contamination by PDMS inflates particle mass measents made by aerosol mass
spectrometry and filter deposition methods. Mosxp?DMS pickup may alter particle
surface properties, specifically the hydrophobidfophilic balance. We recommend
further tests be performed to evaluate the infleawicsilicone tubing on the water-uptake
of soot in in-situ aerosol hygroscopic growth expents. Contamination associated
with the use of silicone tubing was observed abhr@emperature and, in some cases, was
enhanced by mild heating (>70 °C). The experimaiaences warrants further
evaluation of the effects of temperature, physieoaical properties of the particle
carriers, sample contact time, and tubing age oticgacontamination by silicone

tubing. Despite its convenient flexibility and cba dissipation properties, we
recommend that conductive silicone tubing be usill eare for aerosol test
experiments.

In some instances, the advantages of silicone guiniay outweigh its
disadvantages. In these cases, we recommendi@alsprecautions be made to
manage potential errors. Specifically, when sangpliarticulate matter onto a quartz
filter through silicone tubing to quantify partieté carbon concentration by thermal
analysis, we recommend the simultaneous use oflaupajuartz filter to correct for the

adsorption of organic vapors to the quartz filter.
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Figure Captions

Figure 1. Fractional penetration (transmission) of sizedeld soot particles through test
sections of stainless steel, conductive silicond,@olyvinyl chloride tubing. Fractional
penetration is nearly identical for stainless staetl conductive silicone tubing.
Electrostatic losses in the non-conducting polyvohjoride tubing greatly reduce
particle transmission. The penetration calculédeadonductive tubing is shown for
reference. Calculated penetration includes lodsedo diffusion and inertia (settling),
but not electrostatic losses. Conditions: 50 SURM rate, 1.27 cm i.d. tubing, 50m
tubing length, 25°C, 1 bar pressure.

Figure 2. CO;, concentrations in air dilution gas (initially 50@ppm CQ) directly from
the flow manifold and after transport through 1B 2f stainless steel or 15.2 m of
conductive silicone tubing. The G©@oncentration is about 5% lower after transport
through silicone tubing as compared to its coneiain direct from the manifold or after
transport through stainless steel tubing. The Gidcentration after transmission
through silicone tubing appears to slowly recobeit,the dynamic response time is
greater than 5 min.

Figure 3. Characteristic El ionization mass spectra obtafoed) engine exhaust
particles and b) aerosolized polydimethylsiloxaRB§S). The m/z features distinctive
of PDMS, (m/z =73, 147, 207, 221, 281) are reaggarent as a contaminant in the
engine exhaust particles.

Figure 4. Particle size distribution of organic material &MdMS coated on soot particles
generated by combustion of kerosene in a diffulamne. Data were collected over the
course of an hour by an aerosol mass spectroméber mass loading of PDMS is about
10% of the total organic material in the 30-10@s&nge. The size distribution of
PDMS and organic material indicates well-mixed ishetpopulation for soot sized
particles (30-100 nm). Ambient organic aerosokpre in the laboratory during the
testing period (diameter > 200 nm) has measuralil®lver capacity for PDMS
compared to the soot particles. The ratio of tigawoic scale to the PDMS scale is 12:1.

Figure 5. High resolution fm/m ~ 3,000) mass spectrum for the PDMS contaminant
obtained after soft-ionization using VUV radiatioAdjacent peaks are separated by
74.02 £ 0.03 mass units, which corresponds to SHQIm/z 74.02). The inset
compares the experimental spectrum to the predistédpic fragmentation pattern for
(SiO(CH)2)sSIOCHs".

Figure 6. FTIR spectra of soot passed through equal lendtetamless steel and
silicone conductive tubing at room temperature @ated), and heated silicone
conductive tubing. Peaks in the spectra of the soléected via silicone tubing
correspond to siloxane functional groups and ateewidlent in the spectra of soot
collected via stainless steel tubing. The distdreteveen each tick mark on the vertical
axis is 0.01 absorbance units.

Figure 7. Evolution of carbon as a function of temperatune(&) quartz filters that were
used to sample particle free air through heateduaheéated silicone conductive tubing
and unheated stainless steel tubing and (b) a &mhia backup quartz filter collected
downstream of heated silicone conductive tubing.
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Figure 8. (a) Soot from a diffusion flame made hydrophilicreaction with ozone.
Shown is the soot as it is mixing with water. (lopSfrom a diffusion flame that does not
mix with water despite ozone exposure. The sof)mwas collected through silicone
conductive tubing as opposed to the soot in (ajchwvas collected through stainless
steel tubing.
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